An analysis of both magnetic and magnetotransport properties is presented for electrodeposited multilayers prepared intentionally under conditions to make the superparamagnetic (SPM) magnetization contribution comparable to or larger than the ferromagnetic term. Based on a model elaborated for the giant magnetoresistance (GMR) of granular metals [N. Wiser, J. Magn. Magn. Mater. 159, 119 (1996); B. Hickey et al., Phys. Rev. B. 51, 667 (1995)], it is shown that in such multilayers both the magnetization and the GMR can be decomposed into ferromagnetric and superparamagnetic contributions where the latter term is described by a Langevin function. The size of the SPM regions estimated from the experimental data is in the nanoscale regime. It is believed that the method applied here gives a quantitative answer to the problem of the often observed nonsaturating behavior of GMR in multilayers. Electrodeposited multilayers are particularly prone to this feature although the occurrence of SPM regions is quite common in multilayers prepared by any technique. Therefore, this type of analysis should help better understanding of the factors influencing the GMR of multilayer films.
I. INTRODUCTION
It has been reported for several magnetic/nonmagnetic multilayer systems that the magnetoresistance (MR) can exhibit a strongly nonsaturating behavior, sometimes up to magnetic fields of several tens of kOe. Since the saturation against an antiferromagnetic (AF) coupling in multilayers can usually be achieved in a few kOe, [26] [27] [28] this nonsaturating MR component should have a different origin.
Magnetic measurements have often revealed 7, 12, 15, 17, 18, 21, 23, 29, 30 that in multilayers, in addition to the ferromagnetic (FM) term, the magnetization also has a superparamagnetic (SPM) term, the latter one sometimes even dominating over the FM contribution. The phenomenon of nonsaturating magnetoresistance and the occurrence of a SPM magnetization contribution are not restricted to any specific deposition technique or element combination since, depending on layer thicknesses and specific deposition conditions, it has been observed in multilayers of the Co/ Au, Co/ Cu, Ni/ Cu, Ni-Fe/ Cu, and Ni-Co/ Cu systems grown by various methods such as molecular-beam epitaxy (MBE), sputtering, or electrodeposition.
Due to the possible occurrence of SPM behavior in multilayers, it is tempting to ascribe the nonsaturating MR to the presence of SPM regions. This was performed first for MBEgrown Co/ Cu multilayers 3, 4 by fitting the magnetic field dependence of the MR͑H͒ curves by a Langevin function L͑x͒ known to describe the magnetization of SPM entities where x = H / kT with as the magnetic moment of the SPM particles. 31 A similar analysis has recently been performed for electrodeposited Ni-Co-Cu/ Cu multilayers. 19 Although the MR behavior for these multilayers could be successfully described in the form MR͑H͒ ϰ L͑x͒, a theoretical justification of such an empirically found field dependence of the magnetoresistance is also needed. Namely, in granular metals containing noninteracting SPM particles embedded in a nonmagnetic matrix, the magnetoresistance was predicted to follow the relation MR͑H͒ ϰ ͓L͑x͔͒ 2 (Refs. 32 and 33) and this behavior was, indeed, observed experimentally in many cases. 34, 35 A significant progress has been achieved by establishing that in multilayers with nonsaturating MR behavior the observed magnetoresistance can be ascribed to the presence of both FM and SPM regions which were revealed by simultaneous magnetization measurements over a wide temperature range. 12, 23 Namely, by recognizing that the magnetic layers contain both FM and SPM regions, one can apply the model developed by Wiser and Hickey and their co-workers 36, 37 for granular metals. This model was elaborated to explain the field dependence of the magnetoresistance for some granular alloys which did not obey the MR͑H͒ ϰ ͓L͑x͔͒ 2 relation. It was assumed that for a given temperature there is a distribution of magnetic particle sizes with some particles being in the SPM regime and the rest of the particles in the FM regime. In terms of the Wiser-Hickey model, 36, 37 in the simultaneous presence of both FM and SPM regions the GMR can contain three contributions: (i) GMR SPM-SPM , (ii) GMR FM-FM , and (iii) GMR SPM-FM ͑=GMR FM-SPM ͒, whereby a term GMR A-B means a spin dependent scattering event for an electron path "magnetic region A → nonmagnetic region → magnetic region B."
Each of these three cases makes a completely different contribution to the field dependence of the magnetoresistance MR͑H͒ since for a SPM particle, a large magnetic field (typically well in excess of 10 kOe) is needed to align its magnetic moment whereas the moment of a FM particle is aligned in a much smaller magnetic field, typically in a few kOe. Case (i) corresponds to a conventional granular metal with SPM particles only for which MR͑H͒ ϰ ͓L͑x͔͒ 2 . 32, 33 For case (ii), the moments of both FM particles are aligned at relatively small fields and the magnetic field has then no further effect on the resistivity. Therefore, scattering along an electron path "FM particle 1 → nonmagnetic region→ FM particle 2" does not contribute to the MR above the relatively small saturation field of the FM particles. For case (iii), i.e., for an electron path "SPM particle→ nonmagnetic region → FM particle" or "FM particle→ nonmagnetic region → SPM particle," since the moment of the FM particle is aligned at its small saturation field, for higher magnetic fields the correlation of the two magnetic moments involved depends on the time average of the spatial orientation of the SPM particle moment only. This was shown 36, 37 to lead to a linear dependence of the magnetoresistance on the SPM magnetization for high fields, i.e., MR͑H͒ ϰ L͑x͒. The above discussed results [36] [37] [38] [39] [40] refer to an extension of conventional granular alloys containing SPM particles only to the case when FM particles are also present. The aim of the present paper is to show that in some cases the conventional picture of magnetic/nonmagnetic multilayers with purely FM layers only should be extended in the opposite way, i.e., by accounting also for the presence of SPM regions.
For this purpose, a detailed room-temperature study of electrodeposited Co-Cu/ Cu multilayer samples will be presented on the basis of taking into account, in addition to a FM contribution, a SPM term as well. Special emphasis will be devoted to comparing the results of analyses of the magnetic field dependence for both the magnetization and magnetoresistance for a given sample. An important aim of this work is to demonstrate that by such an analysis the observed MR can be reasonably well separated into a FM and a SPM contribution. The quantitative analysis allows us to determine the magnitude of the GMR contribution which arises due to spin-dependent scattering processes involving SPM regions. The multilayer samples selected for the current study were intentionally prepared under electrochemical conditions allowing the formation of a large SPM fraction of the magnetic layer. The purpose of this choice was to allow a clear demonstration of the possibility of separating the FM and SPM contributions, by making the latter one to be significant, or even dominant.
It turned out from the quantitative analysis that beyond the technical saturation of the FM component at about 1.7 kOe, the field dependence of both the magnetization and the GMR can be described by the Langevin function L͑x͒. In terms of the Wiser-Hickey model, 36, 37 this means that in these Co-Cu/ Cu multilayers the GMR arises from spindependent scattering of electrons which travel through the nonmagnetic spacer between two FM regions ͑GMR FM ͒ or between a FM region and a SPM region ͑GMR SPM ͒ whichever is the first or second where we introduced simplified notations for the GMR FM-FM and GMR SPM-FM = GMR FM-SPM terms, respectively. Accordingly, we can visualize the magnetic layers in the present multilayers as being broken up into FM and SPM regions due to the specific deposition conditions and the SPM regions are decoupled from the FM regions of the magnetic layers.
The paper is organized as follows. In Sec. II, the details of sample preparation and investigations are described. Sections III and IV present the results of magnetic and MR measurements, respectively, including a quantitative decomposition of both measured properties into FM and SPM contributions. Finally, a summary is given in Sec. V.
II. EXPERIMENTAL

A. Sample preparation
An aqueous electrolyte with two solutes (CoSO 4 and CuSO 4 ) was used to prepare magnetic/nonmagnetic Co-Cu/ Cu multilayers by the usual pulse plating technique under galvanostatic control in an arrangement described in Ref. 16 . A polished polycrystalline Ti sheet in vertical position served as cathode. The Co-Cu/ Cu multilayers were deposited in the form of 20 mmϫ 20 mm square shaped foils with a typical total thickness of several micrometers. The multilayer deposits were removed from their substrates by mechanical stripping.
It turned out from our previous study on electrodeposited Co-Cu/ Cu multilayers prepared by pulse plating 16 that even if the amplitude of the second current pulse is set to zero or to a small positive (anodic) value, sufficiently thick nonmagnetic Cu layers can build up between the magnetic Co-rich layers. A structural study by x-ray diffraction on a sample prepared with zero current for the second pulse 16 has indeed revealed the presence of superlattice reflections due to the composition modulation and the structure is expected to be similar also for small anodic currents during the second pulse. The magnitude of the observed GMR was only slightly reduced with respect to multilayers prepared by cathodic Cu deposition pulses, again substantiating the formation of a Cu (or Cu-rich) nonmagnetic layer between the Co-rich magnetic layers.
The explanation for this phenomenon is the so-called exchange reaction 41, 42 which involves a dissolution of the previously deposited less noble Co atoms and a simultaneous deposition of the more noble Cu atoms. The Cu dissolution and Co deposition by the exchange reaction takes place randomly over the cathode area but the net current due to this process is zero. When the cathodic current during the Cu deposition pulse is lower than the mass transport limited Cu deposition current, the Cu 2+ ions at the deposit surface are only partly used for Cu deposition assisted by the external current source. The leftover Cu 2+ ions spontaneously oxidize the previously deposited Co-rich layer ͑Cu 2+ +Co=Cu +Co 2+ ͒. The exchange reaction also takes place when the current is zero or exhibits such a small anodic value that does not lead to Cu dissolution instead of Cu deposition. The formation of a fairly thick spacer layer during galvanostatic pulse plating due to the exchange reaction has been demonstrated for Ni-Cu/ Cu multilayers as well which were prepared with zero Cu deposition current and in which a clear GMR effect could be observed. 14, 20, 24 For the present Co-Cu/ Cu multilayers, a cathodic current pulse of −32.5 mA/ cm 2 amplitude and 0.65 s duration was applied to deposit a magnetic layer which resulted in a nominal thickness of 6.8 nm. 16 Two multilayer samples were selected for the current study which were prepared at +0.5 mA/ cm 2 It has been reported 16, 20 that in the case of electrodepositing multilayers on a vertical substrate, there is a substantial variation of the MR properties along the vertical direction. Therefore, we have cut about 2 mm wide horizontal strips out of both multilayer foils Nos. 2 and 3. One strip was cut at positions between 2 and 4 mm (strip A) and another one between 12 and 14 mm (strip B), with the positions measured from the top edge of the deposit. In this manner, we had altogether four horizontally cut, 2 mm wide multilayer strips (Nos. 2A, 2B, 3A, and 3B). For comparison, a Co-rich Co-Cu bulk magnetic alloy foil has also been electrodeposited from the same bath by direct-current plating at the same current density as the magnetic layer in the multilayers, i.e., with the same chemical composition. Similarly to the multilayers, 2 mm wide horizontal strips were cut at the same positions (between 2 and 4 mm and 12 and 14 mm) and these will be denoted as strips CoA and CoB, respectively.
B. Composition analysis and layer thickness estimates
Chemical analysis was performed by electron probe microanalysis (EPMA) by using a RÖNTEC microsonde equipment and evaluation software in a JEOL 840 SEM electron microscope. The composition analysis results are summarized in Table I . The relative accuracy (reproducibility) of the chemical analysis for the combination of Co and Cu is about ±0.2 at. %. The larger scatter of the results in Table I reflects, therefore, actual lateral variations of the composition. Along the horizontal strips, the Co content was systematically higher towards the ends due to an increased deposition current density there (so-called "edge effect").
The data in Table I reveal that the Co content in the multilayers is much smaller than in the bulk Co-Cu deposits (strips CoA and CoB). This is just evidence that a large fraction of the Co atoms deposited during the cathodic pulse dissolves due to the Co to Cu exchange process taking place with such an efficiency that finally a Cu layer is built up betweeen the magnetic layers. For a given position (A or B), the Co-content reduction is stronger for t Cu =3 s (strips of sample No. 3) than for t Cu =2 s (strips of sample No. 2). This result is a direct consequence of the different t Cu times until the exchange reaction was allowed to take place. The much larger scatter of the multilayer analysis results with respect to the bulk alloy data can be explained by the fact that the exchange reaction takes place randomly over the cathode area and, therefore, the amount of dissolved Co/deposited Cu more strongly fluctuates laterally in the multilayer.
As in our previous studies, 22, 41 we can calculate the individual layer thicknesses from the result of composition analysis by taking into account that the magnetic layer composition is equal to the bulk alloy composition at the same position (A or B) and the nonmagnetic layer formed due to the exchange reaction consists of pure Cu. The calculated average thicknesses are specified in Table I . The large lateral composition variations due to the random nature of the exchange reaction also lead to large fluctuations of the layer thicknesses around the average effective value. Nevertheless, e.g., for strip No. 3B nearly half of the magnetic layer was converted into a Cu spacer layer by the exchange reaction.
C. Magnetoresistance and magnetic measurement techniques
The MR was measured on the strips at room temperature with the four-point-in-line method in magnetic fields between −8 kOe and +8 kOe in the field-in-plane/current-inplane geometry. Both the longitudinal (LMR) and the transverse magnetoresistance (TMR) (field parallel to current and field perpendicular to current, respectively) components were recorded for each sample. The following formula was used for calculating the magnetoresistance ratio: ⌬R / R 0 = ͓R͑H͒ − R͑0͔͒ / R͑0͒ where R͑H͒ is the resistance in the magnetic field H and R͑0͒ is the resistance when H = 0. A vibrating sample magnetometer (VSM) was used to measure the inplane magnetization curves at room temperature up to about H = 14 kOe on the same strips as used for the MR measurements.
III. MAGNETIC PROPERTIES
The magnetization curves were measured at room temperature with descending magnetic field after saturation in H = 14 kOe. A typical result is plotted in Fig. 1 for the multilayer strip No. 3A. The inset shows the hysteresis loop at low magnetic fields from which the coercive field H c can be deduced.
It was observed that technical saturation of the FM contribution was reached at about H s = 1.7 kOe. However, Fig. 1 indicates that there is a strong variation of the magnetization up to the highest magnetic fields applied. This high-field magnetization change originates from SPM regions in the multilayer sample. The magnetization curves for H Ͼ H s = 1.7 kOe could be described as
Here, M FM and M SPM are the room-temperature saturation magnetization values for the FM and SPM component, respectively, and L͑x͒ the Langevin function with x = H / kT. The average magnetic moment of a SPM region is given by = N M B with B as the Bohr magneton and the subscript M refers to the fact that N was deduced from magnetization data. The fit of the experimental data in Fig. 1 with Eq. (1) for H Ͼ H s is displayed by the solid line, well demonstrating a SPM behavior for high magnetic fields. From the fit, the parameters M FM , M SPM , and N M are deduced as given in the figure. Very similar results were obtained also for the other three multilayer strips and the fit parameters and coercive field data are collected in Table II. The quantity N M characterizing the average size of SPM regions does not show a systematic variation (Table II) . Its value is larger for sample No. 2 with strongly different values for strips 2A and 2B whereas it is practically equal for strips 3A and 3B.
We can infer from Table II that the H c values are about 2 to 4 times higher than for the bulk Co 92 Cu 8 alloy. This comes partly from finite size effects since it has been well known for FM thin films 43 that H c increases strongly from the bulk value with decreasing film thickness. This effect is especially pronounced if the magnetic layer thickness gets down to the nanometer range as was shown for electrodeposited Co films 44 and Co-Cu/ Cu multilayers. 25 The H c values also differ between strips A and B at a given t Cu time and for both multilayers 2 and 3, we obtained H c ͑B͒ = 1.7 H c ͑A͒.
It might be appropriate now to discuss briefly how the specific preparation conditions of the Co-Cu/ Cu multilayers investigated result in the formation of SPM regions in the magnetic layers. It was discussed in Sec. II that under the deposition conditions applied an exchange reaction takes place. The effect of the exchange reaction is that due to the partial dissolution of the previously deposited magnetic layer during the anodic pulse, the actual magnetic layer thickness is reduced (and, conversely, the nonmagnetic layer thickness increases) as was shown by direct chemical analysis here and in previous works. 22, 41 Since this process takes place quite randomly on the surface of the lastly deposited magnetic layer, the consequences can be either a strong chemical intermixing across the interface, a roughening of the surface/ interface, a fluctuation in the individual layer thicknesses and/or the development of an undulation of the multilayer planes. In addition, the application of anodic current pulses between the cathodic pulses for the magnetic layer deposition results in a partial dissolution of the magnetic layers and this can further enchance the chemical intermixing and layer thickness fluctuations.
One important aspect of the above described electrochemical processes is that they can give rise to the formation of magnetic regions with so-called "loose moments" which Sample strip (A or B) . This is expected since for t Cu = 3 s, the exchange reaction can act longer than for t Cu =2 s. Also, M SPM is larger for both anodic pulse lengths (t Cu =2 and 3 s) at position A than at position B. This indicates that the deposition conditions at position A are more favorable for the formation of SPM regions than at position B.
IV. MAGNETORESISTANCE CHARACTERISTICS
The MR curves are shown at both positions A and B for samples Nos. In bulk homogeneous ferromagnets, the MR depends on the relative orientation of the magnetization and the measuring current. [45] [46] [47] In magnetic fields beyond technical saturation where the magnetization is already fully aligned along H, the difference between the LMR and TMR components of the magnetoresistance of bulk homogeneous ferromagnets is called as the anisotropic magnetoresistance AMR= LMR-TMR. Indeed, in Fig. 2(c) we can observe a constant difference LMR-TMR of about 1.9% for sample CoB in magnetic fields above 2 to 3 kOe. This AMR value is very close to those reported previously for pure Co films. 47, 48 This finding implies that a few percent of Cu dissolved in Co induces minor changes only in the magnetotransport behavior of Co.
According to the data in Figs. 2(a) and 2(b), the AMR term at H = 8 kOe is about 1.5% (2A), 1.1% (2B), 1.5% (3A), and 0.8% (3B) for the four strips investigated. In view of these AMR data and the total MR values at H = 8 kOe [see Figs. 2(a) and 2(b)], we can establish the following: (i) strip 2A exhibits an AMR contribution nearly as large as the bulk Co 92 Cu 8 alloy and a small GMR contribution shifting somewhat both the LMR and TMR components towards (more) negative values, (ii) strips 2B and 3A have very similar total MR values and the negative sign of both the LMR and the TMR components indicates the presence of a clear GMR effect on which still relatively large AMR contributions are superimposed, (iii) strip 3B has the largest total MR values in which the dominant contribution is GMR since the AMR term here is about 20% of the total MR only. The presence of significant AMR terms in these multilayers is due to the fact that the thickness of the magnetic layers is relatively large (4 to 5 nm, see Table I ). In such a case, the in-plane MR of multilayers definitely contains a non-negligible contribution from successive electron scattering events within each magnetic layer and this gives rise to AMR as observed. Possible origins leading to differences in the deposition conditions between positions A and B have been discussed to some extent in Ref. 20 ; however, to clear up these factors in detail would require a more thorough study and this already lies beyond the scope of the present paper. Here we can note only that apparently at position A, the conditions are less favorable for the Cu atoms while being deposited via the exchange reaction to form a continuous layer. Namely, the evident AMR contributions here suggest a stronger percolation of the magnetic regions and, therefore, the magnetic and MR behavior becomes more bulklike than for position B.
We can make some comments on the observed MR characteristics also in the light of the magnetic data. For strip 2A, a predominantly AMR behavior was observed. The curvature of the LMR and TMR curves is relatively small above technical saturation, indicating a large FM fraction of the magnetic layers. As Table II shows, for this sample, indeed, we have M FM Ͼ M SPM . We can explain this observation by saying that for this multilayer sample, t Cu was not sufficiently high for the development of a continuous Cu layer via the exchange reaction even if the effective Cu layer thickness was estimated to be 1.6 nm ( Table I ). Due to the remaining pinholes in the Cu layer, direct contacts between the magnetic layers establish a FM coupling of their magnetizations.
As described above, the MR curves of the other three multilayer strips (2B, 3A, and 3B) indicated a significant GMR contribution in comparison with the AMR term. This means that here the observed MR is dominated by spindependent scattering processes due to a heterogeneous magnetic nanostructure in which FM coupling is not substantial. It follows that in these three multilayer strips a sufficiently thick, continuous Cu spacer layer could be built up due to the exchange reaction. Indeed, the Cu layer thicknesses estimated in Table I turned out to be as high as about 2 nm or more. The formation of such a thick Cu layer could take place by consuming a large fraction of the previously deposited magnetic layer as found also in some recent electrodeposited multilayer studies. 22, 41 However, during this strong "consumption" of the magnetic layers, a larger fraction of them could be converted at the same time into SPM regions. This is again well reflected in the data of Table II which indicate M SPM / M FM ratios greater than 1 for all of these three multilayer strips.
In terms of the results derived from the magnetic measurements (Sec. III), the magnetization of the present Co-Cu/ Cu multilayers consists of a FM and a SPM contribution. The origin of the latter contribution could be assigned to the presence of regions in the magnetic layers which are decoupled from the FM parts and exhibit a SPM behavior. Correspondingly, the observed MR͑H͒ will also be considered as consisting of a MR FM term and GMR SPM contribution.
It has been found that for H Ͼ H s = 1.7 kOe the MR͑H͒ curves of the present multilayers could be well described in the form
where H s is the saturation field of the FM magnetization component. For H Ͼ H s , the magnetization of all FM regions is completely aligned along the direction of H, and no more change of the MR FM term is expected when increasing H beyond H s . According to Eq. (2), the field dependent MR term was found to be proportional to the Langevin function L͑x͒. This is demonstrated in Fig. 3 for the TMR component of strip 2B and similar fits were obtained for all the other MR͑H͒ curves shown in Figs. 2(a) and 2(b) . The MR fit results are summarized in Table III where the SPM particle size N MR is derived similarly as N M in Table II . Within the accuracy of the experimental MR͑H͒ data, the MR͑H͒ ϰ L͑x͒ relation gave a reasonably good fit in each case and there was no need to account for a MR͑H͒ ϰ ͓L͑x͔͒ 2 term as well. Accordingly, the field-dependent part of the magnetoresistance for H Ͼ H s can be identified as the GMR SPM term in the Wiser-Hickey model [case (iii)] 36,37 as discussed in Sec. I.
The constant term denoted by MR FM arises due to spindependent scattering events in which FM regions are only involved. If two subsequent scattering occurs inside the magnetic layer, there will be a contribution to the AMR effect. If electron scattering happens at the end of a path "FM region 1 → nonmagnetic region→ FM region 2" and the magnetization orientation of the two FM regions is not the same, we obtain a contribution to GMR FM [this is term (ii) in the Wiser-Hickey model 36, 37 and corresponds to the usual GMR TABLE III. Magnetoresistance parameters of the multilayer strips investigated. The saturation values of the ferromagnetic ͑MR FM ͒ and superparamagnetic ͑GMR SPM ͒ components of the longitudinal (LMR) and transverse (TMR) magnetoresistance as well as parameter N MR characterizing the average cluster size were deduced by fitting the experimental data to Eq. (2). The quantity H p is half of the separation between the positions of the split MR peaks. Of the H p values separated by a slash, the first one was determined from the experimental MR curves ͑MR FM + GMR SPM ͒ whereas the second one from the MR FM component only. 2(b) ]. It should be noted that the existence of an AMR term gives further evidence that our samples are not granular alloys. In granular systems, the LMR and TMR components are usually indistinguishable since bulklike scattering events leading to AMR cannot occur due to the small size of the magnetic (SPM) regions. In our samples, due to the presence of the AMR term, we can be ascertained about the existence of large FM regions and, therefore, it is justified to assume that the GMR also contains a term corresponding to that typical for conventional multilayers with magnetic layers exhibiting FM behavior only. On the other hand, the presence of FM regions is also a prerequisite for the inclusion of the GMR SPM term and, therefore, the pronounced AMR gives justification also for a treatment in the frame of the WiserHickey model. 36, 37 When an electron moves in an external electric field to carry a current, it samples randomly and successively all the possible paths leading to spin-dependent scattering events. This is the basis why we can simply add the corresponding MR terms to obtain the total magnetoresistance as was done in Eq. (2) .
In viewing the Langevin fit results in Table III , we should keep in mind that the relative weight of the MR FM and the GMR SPM terms as well as that of the two contributions in MR FM (AMR and GMR FM ) depend not simply on the volume fractions of the two kinds of magnetic regions but these are also determined by the scattering probability in the different regions as well as other factors related to the mutual spatial distribution and also the morphology of the FM, SPM, and nonmagnetic regions.
The evolution of the MR FM and GMR SPM terms across the multilayer strip series investigated here is displayed in Figs.  4-6 where the results for strip 2B are not shown here since they were very similar to those for strip 3A. The GMR SPM term is negative for both the LMR and the TMR components. This term is the smallest in strip 2A which was previously identified as consisting mainly of percolated FM regions and it is the largest in strip 3B in which the individual magnetic layers are expected to be well separated by nonmagnetic spacer regions (the estimated Cu layer effective thickness is 2.7 nm, see Table I ). The MR FM term arising from spin-dependent scattering events in which FM regions are only involved is the largest in strip 2A and the smallest in strip 3B. As was discussed above, the MR FM term consists of two contributions: MR FM = AMR+ GMR FM . Both terms are constant for H Ͼ H s and although the approach to saturation as H → H s certainly follows different functional forms for the AMR and GMR FM contributions, it is hard to predict these functions. Therefore, at the moment there is no way to partition quantitatively the MR FM term into its constituents and we can establish qualitative trends only. For strips 2A, 2B, and 3A, the LMR component of the MR FM term is positive and the TMR component is negative. This indicates that for these three strips the MR FM term is dominated by the AMR component on the account of the GMR FM component. The difference LMR-TMR is especially large for strip 2A, more than half of the AMR of the bulk alloy Co 92 Cu 8 (strip CoB), indicating a large AMR contribution to MR FM for this multilayer strip. This is again expected due to the fact that a large fraction of the FM regions are percolated. On the other hand, for strip 3B both the LMR and the TMR components are negative, indicating that a GMR FM term dominates over the AMR contribution and, indeed, the splitting LMR-TMR is also small here. For strip 3B (Fig. 6 ) with the largest effective Cu layer thickness ͑2.7 nm͒, the magnetic layers are well separated and even the longitudinal component of the MR FM term becomes negative here, indicating a dominance of the GMR FM term over AMR just as expected.
In Table III , the peak positions of both the experimental MR curves and those of the FM component are also included. It is obvious that the H p value attributed to the FM part is larger than the experimental one when both the FM and SPM components in the MR curves exhibit negative values around H =0 (sample 3B, cf. Fig. 6 ). However, when the LMR component is positive (sample 3A, cf. Tables II and III , respectively. For a given sample, the agreement of the two N values is reasonably good, they are within a factor of 2 or even much closer. There seems to be a general trend that the N MR values are higher than the N M values [it is noted that fitting the MR͑H͒ data by ͓L͑x͔͒ 2 instead of L͑x͒ roughly doubles the value of N MR , thus further increasing the discrepancy with N M ]. One might actually argue that N M and N MR should not be necessarily equal. The reason for this may be that there is certainly a distribution of the size of the SPM regions, i.e., of the N values and the two kinds of measurements (magnetization and magnetoresistance) sample differently over this distribution. In the magnetic measurements, the SPM volume fraction is only relevant whereas for MR also the morphology of the SPM regions and their spatial distribution with respect to the FM regions may also play a role not only in the magnitude of the GMR but also in its field dependence.
According to the N M values in Table I , the typical SPM magnetic moment size in the samples currently investigated is about 1500 B . This corresponds to approximately 1000 atoms by assuming that in each SPM region about 90% of the atoms is Co with Co = 1.7 B / atom and 10% is Cu without a magnetic moment. The atomic volumes of Co and Cu in their face centered cubic structure are 0.01113 and 0.01181 nm 3 , respectively. 49 By taking 0.0115 nm 3 as the average atomic volume, the typical SPM region size is about 11.5 nm 3 . If we think of the SPM regions as magnetically decoupled islands within the plane of the magnetic layers, this corresponds to an island size of about 2 nmϫ 2 nm ϫ 3 nm whereby we assumed an island thickness of 3 nm which is slightly less than the actual average magnetic layer thickness (4 nm, see Table I ). One can also visualize the SPM regions as a chemically intermixed interfacial layer of, say, 0.6 nm thickness corresponding to about three atomic layers. This picture leads to about 4 nmϫ 5 nm as the lateral dimensions of an average SPM region in the form of an intermixed interface. It should be mentioned that even if we take the typical SPM magnetic moment size as about 2000 B due to the larger N MR values in Table III , the lateral SPM region sizes increase by about 1 nm only for both the islands and the intermixed interfaces. It is emphasized, however, that the above figures for the characteristic SPM sizes are rough estimates only. Evidently, detailed sophisticated structural and chemical analysis techniques will be required to establish the actual size and morphology of the SPM regions. However, should one acquire detailed information on the spatial distribution and morphology of the three constituent phases (FM, SPM, and nonmagnetic regions), it will not be a straightforward task even in that case to predict the magnitude of the individual MR contributions these magnetic nanostructures.
V. SUMMARY AND CONCLUSIONS
In the present work, both the magnetization and the magnetoresistance were decomposed into a FM and a SPM term for multilayers with strongly nonsaturating MR behavior. The separation of the MR componets was performed on the basis of the Wiser-Hickey model 36,37 elaborated for granular alloys with the simultaneous presence of both FM and SPM particles. In such a case this model predicts that conduction electron paths "FM region 1 → nonmagnetic region→ SPM region 2" (or in the reverse sequence) lead to the relation MR͑H͒ ϰ L͑x͒. 36, 37 It was shown in the present paper that in multilayers with a significant SPM magnetization contribution the field dependence of the magnetoresistance can also be described as MR͑H͒ ϰ L͑x͒ for magnetic fields beyond the saturation field ͑H s ͒ of the FM component. The size of the SPM regions as deduced from the MR data for the electrodeposited Co-Cu/ Cu multilayers investigated was very close to those obtained from the magnetic measurements. By this analysis, we could separate for H Ͼ H s the observed MR into two contributions: a constant MR FM term from scattering events in which FM regions only are involved and the above described term denoted by GMR SPM which arises due to the simultaneous presence of both FM and SPM regions. The MR FM term is composed of an anisotropic magnetoresistance contribution and the conventional multilayer GMR effect which cannot be separated from each other at present. From the lack of the MR͑H͒ ϰ ͓L͑x͔͒ 2 term, we can furthermore con-clude that the SPM regions which are magnetically decoupled from the FM regions are separated from the next SPM regions by FM regions in every directions. The typical SPM size in the samples studied was estimated to be about 2 nmϫ 2 nmϫ 3 nm in the form of separated islands or 4 nmϫ 5 nmϫ 0.6 nm in the form of about 3 atomic layer thick chemically intermixed interfaces. An evaluation of the MR curves and their evolution with temperature for several electrodeposited Co-Cu/ Cu, Fe-Co-Cu/ Cu, and Co-Ni-Cu/ Cu multilayer series by the method presented in this paper is in progress. It is believed that an analysis as described here will help to reveal in general how the specific multilayer deposition conditions control the magnitude, the field dependence and the field sensitivity of GMR in multilayers via microstructure evolution. It has to be mentioned that the GMR analysis method described above is applicable for multilayers regardless of the specific deposition technique.
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